MiR-301a • IL-6 PTEN • AKT • GSK glycogensis Abstract Background/Aims: IL-6 has been implicated in the pathogenesis of insulin resistance. MiR301a plays an important role in various biological and pathological processes, including cellular development and differentiation, inflammation, apoptosis and cancer. However, whether miR-301a mediates IL-6-induced insulin resistance in hepatocytes remains unknown. Methods: The activation of AKT/GSK pathway and the level of glycogenesis were examed in NCTC 1469 cells transfected miR-301a mimics and inhibitor. Using computational miRNA target prediction database, PTEN was a target of miR-301a. The effect of miR-301a on PTEN expression was evaluated using Luciferase assay and western blot. A PTEN-specific siRNA was used to further determine the effect of PTEN on IL-6-induced insulin resistance. Results: In vivo and in vitro treatment with IL-6 was led to down-regulation of miR-301a, accompanied by impairment of theAKT/GSK pathway and glycogenesis. Importantly, over-expression of miR-301a rescued IL-6-induced decreased activation of the AKT/GSK pathway and hepatic glycogenesis. In contrast, down-regulation of miR-301a induced impaired phosphorylation of AKT and GSK, accompanied by reduced glycogenesis in hepatocytes. Moreover, our results indicate that suppression of PTEN, a target of miR-301a, diminished the effect of IL-6 on the AKT/GSK pathway and hepatic glycogenesis. Conclusion: We present novel evidence of the contribution of miR-301a to IL-6-induced insulin resistance by direct regulation of PTEN expression.
MiR-301a Mediates the Effect of IL-6 on the AKT/GSK Pathway and Hepatic Glycogenesis by Regulating PTEN Expression
Lin
Introduction
Hepatic insulin resistance, defined as a decrease in the ability of hepatocytes to respond to insulin, is an important underlying cause of the metabolic syndrome that manifests itself in diseases such as type 2 diabetes, atherosclerosis or non-alcoholic fatty liver disease (NAFLD) [1] . Insulin is the principal regulator of whole body glucose homeostasis, which prevents the liver from producing excessglucose by regulating glycogenesis and gluconeogenesis. Therefore, decreased hepatic glycogen synthesis and failure to suppress glucose production are the hallmarks of insulin resistance in hepatocytes [2] .
IL-6, an inflammatory cytokine, is secreted by and acts on a wide variety of tissues and cells [3] . Insulin resistance has been linked to increased circulating levels of IL-6, leading to chronic low-grade inflammation [4] . It has been demonstrated that chronically elevated IL-6 mediates the inhibitory effects on the PI3K/AKT pathway and on glucose metabolism [5, 6] . Moreover, systemic depletion of IL-6 improved hepatic insulin action in a mouse model of obesity [7] .
MicroRNAs are a class of short, single-stranded non-coding gene products that can post-transcriptionally regulate the expression of target genes through direct binding to the 3'-UTR of target mRNAs [8] . MicroRNAs are involved in many essential biological processes, including development, insulin secretion, and adipocyte differentiation. Moreover, it has been reported that pathogenesis of type 2 diabetes is associated with aberrant expression of miRNAs [9] . For example, miR-375, miR-9 and miR-124a have the potential to affect insulin secretion [10] [11] [12] . MiR-143, miR-27b, miR-130 and miR-519d may regulate adipocyte differentiation [13] [14] [15] , and the miR-103, miR-107 [16] , miR-29 [17] and miR-320 [18] families have been shown to regulate insulin sensitivity. Our previous study showed that over-expression of miR-200s can contribute to IL-6-induced hepatic insulin resistance [19] .
It was reported that miR-301a may play an important role in various biological and pathological processes, including cellular development and differentiation, inflammation, apoptosis and cancer [20] [21] [22] . MiR-301a was shown to be up-regulated in pancreatic cancer and to activate NF-kB by negatively regulating the expression of the NF-kB-repressing factor (NKRF) gene [23] . Panguluri et al. reported that miR-301a was down-regulated in diabetic heart and modulated Kv4.2 by directly binding on its 3'-UTR, indicating the distinct association of mir-301a with diabetes [24] .However, the role of miR-301a in hepatic insulin resistance and its underlying mechanisms remain unclear. In the present study, we found novel evidence suggesting that miR-301a contributes to IL-6-induced hepatic insulin resistance by regulating PTEN, one of its target genes.
Materials and Methods

Animals
Eighteen-week-old db/db mice (C57BL/KsJ) were obtained from the Peking University Health Science Center (originally purchased from Jackson Laboratory). Briefly, db/db mice (n=5) and age-matched wildtype (WT) mice (n=5) were fed a standard laboratory diet for 18 weeks.
Twelve-week-old male C57BL/6J mice were obtained from the Peking University Health Science Center. The mice (n=10) were separated into two groups and fed a standard laboratory diet in a temperaturecontrolled (20-24℃) and humidity-controlled (45-55%) environment. A 12 h/12 h light/dark cycle was maintained. For all experiments examining chronic IL-6 exposure, Alzet osmotic pumps (Durect, Cupertino, CA) with a 7-day pumping capacity and infusion rate of 1μl/h were used. Pumps were filled to capacity with 16μg/ml hIL-6 diluted in a vehicle (0.9% NaCl and 0.1%BSA) [6] . Following induction of halothane general anesthesia, pumps were implanted into the intrascapular subcutaneous space. Incisions were closed with interrupted absorbable sutures.
All animal procedures were performed in accordance with the National institutes of Health Animal Care and Use Guidelines. All animal protocols were approved by the Animal Ethics Committee at the Beijing Institute of Geriatrics. LNA Array (v.14.0 Exiqon) equipment. Scanning was performed with an Axon GenePix 4000B microarray scanner (Molecular Devices, Downingtown, PA, USA). GenePix pro V6.0 (Molecular Devices) was used to read the raw intensity of the image. The intensity of the green signal was calculated after the subtraction of background, as well as averaging of four replicated spots of each probe on the same slide. Median normalization method was used to obtain "Normalized Data": Normalized Data= (Foreground-Background) / Median, where the median was the 50% quartile of miRNA intensity, which was larger than 50 in all samples after correction for background [25] .
Cell culture NCTC 1469 cells derived from mouse liver cells (American Type Culture Collection) were cultured in low glucose Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 20% horse serum (Hyclone), 100 µnits/ml penicillin (Invitrogen), and 0.1 mg/ml streptomycin (Invitrogen) at 37°C in a humidified atmosphere of 95% O 2 and 5% CO 2.
Transfection of miR-301a mimics and inhibitor
The mimics and the inhibitor of miR-301a were purchased from Genepharm (Shanghai, China). The miRNA mimic control and inhibitor control were used as negative controls. Hiperfect transfection reagent (Qiagen) was used for the transfection of miR-301a mimics and inhibitors. The expression of miR-301a was detected by real-time PCR 48 h after transfection.
Luciferase target assay
For the luciferase assay, the 3'-untranslated region (UTR) of PTEN, including the binding sites for miR301a, was amplified from NCTC 1469 cells using the following primers (restriction sites are underlined):
PTEN-UTR-F-Sac I: TCGAGCTCGCAGAGGGCCAGGTCATGAAT PTEN-UTR-R-Xba l: GCTCTAGAGCGAAGAGGCTGAATCGGGGTA PCR was performed with genomic DNA isolated from NCTC 1469 cells, and the PCR product was subsequently digested with Sac I and Xba I (NEB). Then, the fragment was inserted into the pmirGLO (Promega) luciferase reporter vector. The procedures of PCR are described as follows: a hot start step at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 55°C for 45 s, 72°C for 30 s.
To conduct the luciferase reporter assay, cells were seeded in 96-well plates at 5000 cells per well in 100μl medium. After incubation overnight, the cells were transfected with the modified firefly luciferase vector and miR-301a mimics with Effecten Reagent (Qiagen) according to the manufacturer's instructions. Forty-eight hours after transfection, the firefly and renilla luciferase activities were measured using the Dual-luciferase reporter assay system (Promega). To control the transfection efficiency, firefly luciferase activity was normalized to renillaluciferase activity.
RNA isolation and real-time PCR
Total RNA was harvested using TRIzol (Invitrogen). Enriched miRNA was isolated using miRNA isolation kit (TakaRa). A stem-loop reverse transcription-polymerase chain reaction (RT-PCR) was also executed on samples to detect and quantify mature miRNAs by using stem-loop antisense primer mix and avian myeloblastosis virus transcriptase (TaKaRa).
The cDNA preparations were tested by real-time PCR based on the SYBR Green I method, according to the manufacturer's instructions (TaKaRa). The amplification and detection of specific products were performed according to the manufacturer's protocol with the iQ5 system (BioRad). U6 small nucleolar RNA was used as the housekeeping small RNA reference gene. The relative gene expression was normalized to U6 small nucleolar RNA. Each reaction was performed in triplicate, and analysis was performed by the 2 -△△CT method. Nucleotide primers used for reverse transcription were as follows (5'-3'): miR-301a, GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCTTTG; U6, GTCGTATCCAGTGCAGGGTCCGAG Cellular Physiology and Biochemistry
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GTATTCGCACTGGATACGACAAAA-ATATG. The nucleotide primers used for real-time PCR were as follows (5'-3'): miR-301a forward, GCGAGCAGTGCAATAGTATTGT; U6 forward, GCGCGTCGTGAAGCGTTC; universal reverse primer, GTGCAGG GTCCGAGGT.
Western blot analysis
Cell lysates (15μg of protein) were separated by 10% SDS-PAGE, transferred to PVDF membrane (Millipore), blocked with 8% nonfat dry milk, and probed with the antibodies at 4°C overnight. The blots were incubated with HRP-conjugated anti-IgG, followed by detection with ECL (Millipore). The antibodies against AKT, phosphorylation of AKT (Ser 473 ), PTEN, glycogen synthase kinase (GSK), and phosphorylation of GSK (Ser 9 ) were purchased from Cell Signaling.
Measurement of glycogen content
The glycogen levels were measured in the cells or in liver tissues incubated for 3 h in the presence of 1 nmol/L insulin (Usbio) using a glycogen assay kit (Biovision).
Statistical analysis
All values are represented as the mean ± S.E.M. of the indicated number of measurements. The nonparametric Mann-Whitney test was used to determine statistical differences between two mice groups. A one-way analysis of variance test for post-hoc multiple comparisonwas used to determine significance, with a value of p﹤0.05 indicating statistical significance.
Results
MiR-301a is down-regulated in the livers of db/db mice
To examine the changes of the microRNA expression in cases of hepatic insulin resistance, the miRNAs in the livers of db/db mice (n=5) and control mice (n=5) were analyzed by miRNA microarray. The results of the miRNA microarray and real-time PCR showed that miR-301a expression was reduced in the livers of db/db mice ( Table 1, Fig.  1A ). As shown in Fig. 1B , phosphorylation of AKT and GSK was decreased in the livers of db/ db mice, indicating that activation of the AKT/GSK pathway was impaired. Moreover, the glycogen levels in the livers of db/db mice were significantly decreased, demonstrative of a state of insulin resistance (Fig. 1C) . Notably, the serum level of IL-6 was increased in the db/db mice (Fig. 1D) .These in vivo observations suggest that down-regulated miR-301a is probably associated with hepatic insulin resistance.
IL-6 treatment leads to decreased expression of miR-301a in NCTC 1469 cells
There are many factors that could induce insulin resistance, such as high glucose, free fatty acids (FFA) and inflammatory factors. Our previous study indicated that the levels of serum glucose and FFA were increased in db/db mice [19] . Therefore, an in vitro assessment of the Dou et 
potential involvement of miR-301a in IL-6-induced hepatic insulin resistance is necessary. Mouse NCTC 1469 hepatocytes were treated with 33.3mmol/L glucose for 48 h, 10 ng/ml hIL-6 for 24 h or10 ng/ml TNF-α for 24 h to induce insulin resistance, as described previously [26] . The expression of miR-301a was down-regulated by IL-6 treatment, but not by glucose or TNF-α treatment (Figs.2A, Band C) . To confirm the effect of IL-6 on the expression of miR- 
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Cellular Physiology and Biochemistry 301a in vivo, 12-week-old male C57BL/6J mice were injected with 16μg/ml IL-6 by pumps for 7 days, and the livers of the mice were collected. As shown in Fig. 2D , the expression of miR-301a was significantly decreased in the livers of mice injected with IL-6. These results suggest that IL-6 could down-regulate the expression of miR-301a both in vitro and in vivo.
Over-expression of miR-301a rescues IL-6-induced decreased activation of AKT/GSK pathway and hepatic glycogenesis Next, we investigated the effect of IL-6 on glycogenesis. NCTC 1469 cells were treated with 10 ng/ml IL-6 for 24 h. As shown in Fig. 3A , the IL-6 treatment significantly decreased glycogen levels and phosphorylation of AKT and GSK in NCTC 1469 cells. Similarly, the levels of glycogen were significantly reduced, accompanied by impairment of the AKT/GSK pathway in the livers of mice injected with IL-6 (Fig. 3B) . continued an miR-301a inhibitor (F). The activation of the AKT/GSK pathway and content of glycogen were measured in the NCTC 1469 cells treated with 10 ng/ml IL-6 after transfection with miR-301a mimics (G) and miR301a inhibitor (H). Data represent the mean ± S.E.M., N=4 independent experiments or N=5 mice. * p<0.05; ** p<0.01by ANOVA(vs. control or IL-6).
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To determine the effect of miR-301a on AKT/GSK pathway activation and glycogenesis in hepatocytes, we transfected miR-301a mimics and inhibitors into NCTC1469 cells for 48 h. The results of real-time PCR showed that the level of miR-301a was increased up to 70-to 80-fold in the NCTC 1469 cells transfected with miR-301a mimics compared to those transfected with a negative miRNA mimic control, whereas the level of miR-301a decreased 30-40% in the NCTC 1469 cells transfected with an miR-301a inhibitor compared with those transfected with the negative miRNA inhibitor control (Fig. 3C, D) . Moreover, miR-301a mimics improved phosphorylation of AKT and GSK in NCTC 1469 cells (Fig. 3E) , while the miR-301a inhibitor blocked activation of the AKT/GSK pathway (Fig. 3F) .
Finally, To further assess the role of miR-301a in IL-6-induced hepatic insulin resistance, NCTC 1469 cells were treated with 10 ng/ml IL-6 for 24 h followed by transfection with miR-301a mimics or inhibitors for 48 h. Up-regulation of miR-301a rescued IL-6-induced suppression of the AKT/GSK pathway and glycogenesis in the NCTC 1469 cells (Fig. 3G) . In contrast, down-regulation of miR-301a further promoted IL-6-induced impairment of theAKT/GSK pathway activation and glycogenesis in NCTC 1469 cells (Fig. 3H) . Taken together, these results suggest that miR-301a can modulate the activation of the AKT/GSK pathway and glycogenesis in hepatocytes.
MiR-301a regulates the expression of PTEN by directly binding to its 3'-UTR
Analysis for the target genes of miR-301a by Miranda, TargetScan and PicTar predicted PTEN as a target of miR-301a. There are several binding sites for the miR-301a at nts 2200-3300 of the PTEN 3'-UTR (Fig. 4A) . Therefore, we cloned PTEN 3'-UTR and inserted it into a pmiRGLO vector. A luciferase reporter assay was used to assess if miR-301a directly binds to the 3'-UTR of PTEN. As shown in Fig. 4B , over-expression of miR-301a could dramatically Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
reduce the luciferase activity in the NCTC1469 cells transfected with the luciferase reporter vector containing the 3'-UTR of PTEN. Moreover, PTEN was down-regulated in the NCTC1469 cells transfected with miR-301a mimics (Fig. 4C) . In contrast, miR-301a inhibitor led to the up-regulation of PTEN (Fig. 4D ). Our data demonstrate that miR-301a could regulate PTEN expression by directly binding to its 3'-UTR.
PTEN participates in IL-6-induced hepatic insulin resistance
As shown in Fig. 5A , expression of PTEN was significantly regulated in the livers of db/ db mice. The level of PTEN was also increased in the NCTC 1469 cells treated with IL-6 (Fig. 5B) . Moreover, the level of PTEN was elevated in the livers of mice injected with IL-6 (Fig. 5C ). To further determine the role of PTEN in IL-6-induced hepatic insulin resistance, siRNA(si-1381) targeting PTEN mRNA was transfected into NCTC 1469 cells. Both protein levels and mRNA levels of PTEN were decreased 70-60% compared with those transfected with the negative siRNA control (Fig. 5D) . Down-regulation of PTEN rescued the effects of IL-6 on the activation of the AKT/GSK pathway and glycogenesis in NCTC 1469 cells (Fig.  5E ). To determine whether the inhibitory effect of PTEN affects the PI3K pathway, the PI3K inhibitor LY294002 was used to block the PI3K pathway in the NCTC1469 cells transfected with siRNA-PTEN. Fig. 5F shows that PTEN did not affect glycogenesis after treatment with 10 nmol/L LY294002 for 24 h, suggesting that PTEN, a target of miR-301a, participates in IL-6-induced hepatic insulin resistance. Fig. 4 . MiR-301a regulates the expression of PTEN by directly binding to its 3'-UTR.The sequences of miR-301a binding sites of the PTEN gene were analyzed by TargetScan (A). The luciferase activity was significantly reduced in the NCTC1469 cells co-transfected with a luciferase reporter vector containing the PTEN-3'-UTR and miR-301a mimics. The miR-301a inhibitor slightly increased the luciferase activity (B). The levels of PTEN in the NCTC 1469 cells transfected with miR301a mimics (C) and miR-301a inhibitor (D) were measured by western blot. Data represent the mean ± S.E.M., N=4 independent experiments. ** p<0.01; *** p<0.001 by ANOVA (vs. control).
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Discussion
In the present study, we found that (i) the expression of miR-301a was decreased in the livers of db/db mice accompanied by increased serum IL-6 and reduced glycogenesis; (ii) IL-6 treatment both in vivo and in vitro led to down-regulated miR-301a and impairment of the AKT/GSK pathway and of glycogenesis; (iii) over-expression of miR-301a rescued IL-6-induced decreased activation of the AKT/GSK pathway and hepatic glycogenesis; and (iv) suppression of PTEN, a target of miR-301a, diminished the effect of IL-6 on the AKT/ GSK pathway and hepatic glycogenesis. In conclusion, we present novel evidence suggesting that miR-301a contributes to IL-6-induced insulin resistance by directly regulating PTEN expression.
Insulin resistance is the principle step towards the progression of type 2 diabetes. It has been reported that chronic low-grade inflammation contributed to the pathogenesis of insulin resistance in type 2 diabetes. Increased circulating levels of IL-6 in chronic disease states plays a critical role in the regulation of insulin resistance in peripheral tissues and is used as a marker of insulin resistance [4] . In the liver, insulin activates the PI3K/AKT signaling cascade, leading to the phosphorylation and inactivation of GSK. Hence, glycogen synthase, the target of GSK, is freed of inhibitory phosphorylation, and glycogen synthesis is induced upon insulin stimulation. Our results show that phosphorylation of AKT and GSK were impaired in NCTC 1469 cells treated with 10 ng/ml IL-6 for 24 h. Similarly, the levels of glycogen were significantly decreased, accompanied by impaired phosphorylation of AKT and GSK in the livers of mice injected with IL-6, suggesting that IL-6 induces hepatic insulin resistance by suppression of the AKT/GSK pathway.
In O'Neill's study, mice was implanted with subcutaneous osmotic mini-pumps containing IL-1B and IL-6 at low picogram per milliliter concentration consistent with serum levels. Mixture of IL-6 and IL-1B, not only IL-6, was used in their experiments. They found that low-grade inflammation could trigger β-cell decline early in the development of type 2 diabetes, and suggested that IL-1B and IL-6 might have a synergistic effect on β-cell function [27] . In the present study, 16μg/ml IL-6 was used in vivo, as previously described in Reference 6 in which mice chronically treated for 5 days with hIL-6 (16μg/ml) with Azlet pumps. Chronic IL-6 treatment with this dose of IL-6 in vivo could selectively impair hepatic insulin signaling in vivo.
It has been reported that obesity, hyperlipidemia and insulin resistance are strongly associated with aberrant expression of multiple essential miRNAs in the liver [9] . The contribution of miRNA to IL-6-induced hepatic insulin resistance remains in question. We analyzed microRNA profile in the db/db mouse liver using miR quantification microarray. The results showed that 31 microRNAs were up-regulated, while 81 microRNAs were downregulated in the db/db mouse liver. We have analyzed the role of some microRNAs such as miR-200s and miR-291 in hepatic insulin resistance [19, 28] . The results of microarray also indicated that miR-301a was down-regulated significantly in the db/db mouse liver. Analysis for the target genes of miR-301a by Miranda, TargetScan and PicTar predicted PTEN as a target of miR-301a. Moreover, our previous study suggested that down-regulation of PTEN increase the activity of PI3K-AKT pathway. Therefore, in the present study, we further investigated the contribution of miR-301a to IL-6-induced insulin resistance by direct regulation of PTEN expression. A previous study showed that up-regulated miR-301a in breast cancer promoted tumor metastasis by targeting PTEN and activating Wnt/β-catenin signaling [22] . Panguluri et al. reported that miR-301a may be a central regulator for expression of Kv4.2. in cases of diabetes [24] . However, the role of miR-301a in the pathogenesis of hepatic insulin resistance has not been reported. Our results show that db/db mice exhibited impaired the AKT/GSK pathway activation, reduced glycogen content and down-regulated miR-301a in the liver, accompanied by increased serum IL-6. To determine the contribution of IL-6 toward the down-regulation of miR-301a, we extended these observations from db/db mice to a mouse hepatocyte cell line, NCTC 1469.The results show that treatment with 10 ng/ml IL-6 for 24 h reduced the expression of miR-301a, whereas there was no change in expression of miR301a in the NCTC 1469 cells treated witheither 33.3 mmol/L glucose or 10 ng/ml TNF-α for 24 h. Similarly, down-regulation of miR-301a by IL-6 was assessed in the livers of C57BL/6J Analysis for the target genes of miR-301a by Miranda, TargetScan and PicTar predicted PTENas the target of miR-301a, and there are several binding sites for miR-301a at the PTEN 3'-UTR.We found a negative correlation between miR-301a and PTEN in the livers ofdb/ db mice and C57BL/6J mice injected with IL-6 and in the NCTC1469 cells exposed to IL-6, consistent with the suppressive role of miR-301a in PTEN regulation. Our data suggest that miR-301a could inhibit the expression of PTEN by directly binding to its 3'-UTR. It has been demonstrated that PTEN is a negative regulator of PI3K/AKT signaling. Down-regulation of PTEN could ameliorate insulin resistance in peripheral tissues such as skeletal muscle and adipose [29] .Therefore, we looked for a correlation between the expression of PTEN and miR-301a in hepatic insulin resistance. PTEN-targeting siRNA was transfected into NCTC 1469 cells. The results show that down-regulation of PTEN rescued IL-6-induced impaired activation of AKT and GSK and glycogenesis in NCTC1469 cells. Moreover, PTEN could not affect glycogenesis after treatment with the PI3K inhibitor LY294002. These results demonstrate that PTEN participates in IL-6-induced hepatic insulin resistance by regulating PI3K/AKT signaling. The results reveal that miR-301a acts as an important regulator of insulin signaling in hepatocytes, which may provide novel therapeutic target for treatment of hepatic insulin resistance. However, the effect of miR-301a on insulin signaling pathway in vivo need to be explored.
In conclusion, as shown in Fig. 6 , miR-301a contributes to IL-6-induced hepatic insulin resistance. Our results suggest that IL-6 could suppress the activation of the AKT/GSK pathway and synthesis of glycogen via down-regulation of miR-301a, accompanied by upregulation of PTEN. These findings provide mechanistic insight into the effects of miR-301a on the regulation of the PI3K/AKT pathway and the synthesis of glycogen in hepatocytes.
